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Abstract Observed seismic anisotropy gives the most direct information on mantle
flow, but it is challenging to image it robustly at global scales. Difficulties in separating
crustal from mantle structures in particular can have a strong influence on the imaging.
Here we carry out several resolution tests using both real and synthetic data, which show
that unconstrained crustal structure can strongly contaminate retrieved radial anisotropy
at 100–150 km depth. To efficiently reduce crustal effects, we perform whole-mantle
radially anisotropic tomographic inversions including crustal thickness perturbations as
model parameters. Our data set includes short-period group velocity data, which are
sensitive to shallow structure. We perform a series of tests that highlight the advantages
of our approach and show that to properly constrain thin oceanic crust in global radially
anisotropic inversions, group velocity data with wave periods of at least T ∼ 20 s or
shorter are required. Our Moho perturbation model shows thicker crust along subduc-
tion zones and beneath the Ontong Java plateau in the southwestern Pacific than in the
global crustal model CRUST2.0. These features agree well with other crustal models as
well as with refraction survey data and tectonic features in these regions.
Introduction
Seismic tomography has unveiled 3D velocity structure
in the Earth’s interior, thereby enhancing our understanding
of plate tectonics and linking surface tectonics to deeper
mantle dynamics. It has been utilized to reveal not only
velocity information but also seismic anisotropy, which may
be used to constrain the patterns of mantle convection. In-
deed, when combined with information from mineral physics
on the slip systems of anisotropic mantle minerals, observed
seismic anisotropy provides key information on the large-
scale deformation caused by mantle dynamics (e.g., Karato
et al., 2008). Radial anisotropy is the simplest type of aniso-
tropy, which can potentially help discriminate between ver-
tical and horizontal directions of mantle flow (e.g., Ekström
and Dziewoński, 1998; Gu et al., 2005).
When imaging mantle structure, it is important to separate
the effects of the crust on seismic data from those of the man-
tle, because even long-period surface waves (T > 100 s) are
significantly affected by crustal structure (e.g., Montagner and
Jobert, 1988; Bozdağ and Trampert, 2008). The so-called
crustal corrections have been widely used in global tomogra-
phy since the first global tomography studies (e.g., Wood-
house and Dziewonski, 1984), whereby the theoretical crustal
effects are subtracted from the seismic measurements before
inverting for mantle structure. This approach has been a popu-
lar alternative to difficult simultaneous inversions for global
crustal and mantle structure due to their substantial scale dif-
ferences. However, crustal effects can be highly nonlinear
(e.g., Kustowski et al., 2007; Marone and Romanowicz,
2007), and it is well known that existing global crustal models
typically used for such crustal corrections (e.g., CRUST2.0;
Bassin et al., 2000) can contain imperfections. For example,
crustal structure of data-poor regions is obtained by extrapo-
lating information from similar tectonic provinces with lots of
data, potentially leading to errors.
The imaging of radial anisotropy in the mantle is par-
ticularly sensitive to crustal effects. For example, simply
changing the model used for crustal corrections in inversions
for radial anisotropy can impact the data fit as much as
allowing for lateral variations in radial anisotropy (Ferreira
et al., 2010). Because of this difficulty, some researchers
prefer to build smooth, long-wavelength equivalent crustal
models that fit the data (Fichtner et al., 2009; Lekić and Ro-
manowicz, 2011; French and Romanowicz, 2014), whereas
others invert for mantle and crustal structure globally with
Monte Carlo techniques (Shapiro and Ritzwoller, 2002) or
use full-wavefield numerical methods at regional scales
(Chen et al., 2015; Zhu et al., 2015). Moreover, Lebedev
et al. (2013) highlight the strong trade-off between crustal
thickness and velocity in surface-wave data inversions. They
suggest a Moho depth inversion strategy whereby the use of
a priori information on crustal and mantle structure enables
enhanced Moho mapping.
Recently, a new global radially anisotropic whole-mantle
model SGLOBE-rani has been built using a massive seismic
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data set (Chang et al., 2015), which revealed new features
about the Earth’s deep interior (Chang et al., 2016). To better
constrain radial anisotropy, notably by addressing the crustal
correction problem in global tomography, Chang et al.
(2014, 2015) included crustal thickness perturbations from
CRUST2.0 (Bassin et al., 2000) as model parameters as well
as shear-wave velocity and radial anisotropy perturbations in
their tomographic linearized inversions. For this purpose, they
used short-period group velocity data (Ritzwoller and Levshin,
1998) with a period range down to T ∼ 16 s along with a large
set of longer period surface-wave phase velocity measurements
as well as body-wave travel-time data. Thus, the ultimate goal
of SGLOBE-rani was to improve global anisotropic tomogra-
phy through simultaneous inversions forMoho depth as well as
for isotropic and anisotropic shear-wave velocity parameters.
In this study, we perform resolution tests with both syn-
thetic and real data to assess the performance of joint inver-
sions for crustal thickness, mantle isotropic and radially
anisotropic structure at separating crustal and mantle effects.
We quantify the influence of unconstrained crustal structure
on retrieved radial anisotropy in the mantle. Moreover, to
efficiently reduce crustal effects, we carry out resolution tests
to determine which wave period range of group velocity data
is needed to avoid crustal-mantle contamination in the inver-
sions. Then, we compare the Moho depth perturbations ob-
tained from SGLOBE-rani with the global crustal models
CRUST1.0 (Laske et al., 2013), CRUST07 (Meier et al.,
2007), and LITHO1.0 (Pasyanos et al., 2014), and with seis-
mic refraction survey data to investigate their consistency
with other models and observations.
Data and Modeling
In this section, we briefly summarize the strategy used to
build SGLOBE-rani and its associated crustal thickness per-
turbations (Chang et al., 2015), which underlies the various
synthetic and real data tests undertaken in this study. The
data set used consists of ∼43;000;000 surface-wave funda-
mental-mode and overtone dispersion measurements and
∼420;000 body-wave teleseismic travel-time data, which
have complementary lateral and vertical sensitivity to mantle
structure (see Chang et al., 2015, for a full description and
references of the data used). Among this data set, fundamen-
tal-mode group velocity data (Ritzwoller and Levshin, 1998)
play an essential role in constraining crustal structure, be-
cause they are more sensitive to shallow structure than phase
velocity data (e.g., Lebedev et al., 2013). The period range of
the group velocity data is from T ∼ 16 to 150 s for Rayleigh
waves and from T ∼ 16 to 100 s for Love waves, respec-
tively. The shortest period of fundamental-mode phase veloc-
ity data we used is T ∼ 25 s (Chang et al., 2015).
We expanded the model horizontally with spherical har-
monic basis functions up to degree 35, corresponding to a lat-
eral grid distance of ∼6°. Hence, a total of 1296 model
parameters are associated with crustal thickness perturbations.
Our strategy to model crustal structure comprises two main
steps. We first apply crustal corrections to all data using the
CRUST2.0 crustal model superimposed on preliminary refer-
ence Earth model (PREM’s) mantle structure (Dziewoński and
Anderson, 1981). While the body-wave travel-time correc-
tions are obtained from cross correlations on normal-mode
summation theoretical seismograms (Ritsema et al., 2009), for
surface waves we calculate the local predicted eigenfrequen-
cies of the surface wave-equivalent modes in the 2° × 2° grid
of CRUST2.0. The path-integrated predicted crustal signals
based on the great-circle approximation are then subtracted
from the measured eigenfrequency for each path. We take into
account nonlinear effects of crustal structure on surface-wave
dispersion data by exactly calculating local eigenfrequencies
using normal-mode theory (e.g., Takeuchi and Saito, 1972).
Second, the corrected data are jointly inverted for isotropic
and radially anisotropic shear-wave perturbations with respect
to PREM and for crustal thickness perturbations from
CRUST2.0 given that the data are corrected for CRUST2.0.
Mid-crustal discontinuity topographies are also adjusted ac-
cording to the variation of the estimated crustal thickness. Sen-
sitivity kernels with respect to crustal thickness are calculated
with the formulation of Woodhouse and Dahlen (1978) for
phase velocity data and by numerical differentiation for
the group velocity and body-wave travel-time data. Sensitivity
kernels with respect to isotropic S velocity and radial aniso-
tropy for group velocities are calculated using the sensitivity
kernels for phase velocities (Takeuchi and Saito, 1972), fol-
lowing Rodi et al. (1975). We use the PREM model as the 1D
starting model and the tomographic inversions are carried out
using a damped least-squares inversion procedure (Ferreira
et al., 2010; Chang et al., 2015). Synthetic tests showed a
good retrieval of realistic crustal structures (further details are
given in Chang et al., 2015). In addition, the use of the great-
circle approximation is justified by the fact that this study
focuses on phase and travel-time data. For example, recently
Parisi and Ferreira (2016) showed that the great-circle ap-
proximation accurately predicts Rayleigh-wave phase infor-
mation at least down to T ∼ 45 s for realistic 3D Earth models.
Regarding shorter period data, notably the short-period group
velocity data used in the construction of SGLOBE-rani, these
measurements are based on very strict data selection criteria
(e.g., Ritzwoller and Levshin, 1998), which avoid data strongly
deviating from ray theoretical predictions. Nevertheless, one
should bear in mind that potential unaccounted off-great circle
and finite-frequency effects are a possible caveat of our study,
notably for short-period Love-wave data.
Resolution Tests
In this section, we perform various resolution tests to
quantify the crustal effects on retrieved mantle radial aniso-
tropy ξ  VSH=VSV2 and to determine the adequate period
range of surface-wave data necessary to robustly constrain
global crustal and mantle structure. We use both real and syn-
thetic data and follow exactly the same inversion procedure
as that used to build the SGLOBE-rani model.
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Testing the Effect of the Range of Wave Periods
Used in the Inversions
We start by performing resolution tests whereby theo-
retical fundamental-mode surface-wave data with a varying
period range are used in synthetic inversions (Fig. 1). The
synthetic surface-wave data share the same ray paths as in
our real data set. The true input model contains Moho depths
as in CRUST2.0 combined with 2000 km × 2000 km check-
ers of 5% anomalies in the mantle. Figure 1 shows the re-
trieved structures. Because group velocity data are more
sensitive to Moho depth than phase velocity data, and the
shortest period of phase velocity data is T ∼ 25 s in our data
set (whereas the period range of group velocity data goes
down to T ∼ 16 s), group velocity data play an essential role
in the resolution tests. When the shortest period of group
velocity data used in the inversion is T ≥ 25 s, checkers
emerge in the retrieved crustal thickness perturbations, nota-
bly in oceanic crusts, indicating that group velocity data with
T ≥ 25 s do not resolve well thin oceanic Moho depths. This
problem is alleviated when a wider period range is used in
the inversions, with shorter wave periods down to T ∼ 20 s
and T ∼ 16 s. These tests demonstrate that short-period group
velocity data with wave periods down to at least T ∼ 20 s are
necessary to constrain Moho depths globally. Moreover, our
tests show that the incorporation of group velocity data with
an inadequate period range may lead to the contamination of
retrieved crustal thickness by mantle structure.
We then performedmore realistic synthetic resolution tests,
also successively changing the wave period range of the
surface-wave data used in the inversions, but now using the
SGLOBE-rani model as input model. Figure 2 shows the re-
trieved results when using group velocity data with periods
down to 25 s (G25 test) and 16 s (G16 test). While the model
obtained using group velocity data down to 16 s shows small
differences to the true model, the result using group velocity
data down to 25 s depicts larger differences. As for the retrieved
crustal thickness perturbations, the G25 test shows thicker oce-
anic crusts than the input model, whereas the G16 test recovers
the anomalies almost perfectly. The same trend is observed
when analyzing the retrieved radial anisotropy. The G25 test
shows significant differences from the input model down to
150 km depth, whereas the G16 test performs better. Regarding
results for Voigt average isotropic structure, the G25 test also
performs as well as the G16 test except for 50 km depth, which
means that the crust affects the recovered radially anisotropic
structure more strongly than the Voigt average isotropic struc-
ture. This is probably due to the weaker sensitivity of the data
to anisotropic structure than to isotropic structure, as well as to
the different behaviors of sensitivity kernels of Rayleigh- and
Love-wave group velocities for the depth range of crust, which
will be shown later in the Discussion and Conclusions section.
Because our data and modeling uncertainties are essen-
tially unknown, we do not add errors to the synthetic data
and thus, while very instructive, our synthetic tests have
some limitations. Hence, we also carried out inversions with
the same real data set as used to build SGLOBE-rani, but
with different wave period ranges. As explained previously,
SGLOBE-rani was built by incorporating group velocity data
down to T ∼ 16 s. If we use group velocity data only down to
25 s, we obtain a different model to SGLOBE-rani (Fig. 3).
While slight differences in isotropic structure are only ob-
served at shallow depths (∼50 km), differences in anisotropy
persist down to ∼150 km depth, showing the susceptibility
of radial anisotropy to crustal effects. The differences in
crustal thickness perturbations (bottom panel of Fig. 3) are
similar to those obtained in the synthetic test shown in
Figure 2. Beneath the eastern Pacific, the Indian Ocean, and
the Atlantic Ocean, the retrieved oceanic crust gets thicker
than in CRUST2.0 when using group velocity data with
Crust2.0 (True Model) P  30s, G  35s P  25s, G  30s
P  25s, G  25s P  25s, G  20s P  25s, G  16s
–30km 30km
PREM
Figure 1. Resolution tests for crustal thickness variations with varying period range of the surface-wave data used in the inversions. The
crustal thickness distribution from CRUST2.0 (Bassin et al., 2000) is the true input model (upper-left panel), whereas the crustal thickness
perturbations retrieved from the inversions are shown in the subsequent panels. Crustal thickness variations are shown with respect to pre-
liminary reference Earth model (PREM; Dziewoński and Anderson, 1981), which has a Moho depth of 24.4 km. The titles indicate the period
range used in the inversions, and P and G mean phase and group velocity data, respectively.
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T ≥ 25 s, which is not realistic. This confirms that group
velocity data with T ≤ 20 s are necessary to properly con-
strain oceanic crust, especially thin oceanic crusts around
ridges, and to robustly image anisotropy in the mantle.
Testing the Leakage of Crustal Structure into
Retrieved Mantle Structure
The previous real data resolution test showed that to
both properly image crustal thickness perturbations and to
reduce artificial mantle anisotropy features, it is necessary to
use data with T ≤ 20 s in our inversions. To further test
whether our data set and modeling strategy can prevent the
leakage of crustal structure into mantle structure, we carried
out a synthetic test using the CRUST2.0 model as the true
input model combined with PREM’s mantle isotropic and
radially anisotropic structures. Figure 4 shows that the output
crustal model (left-middle side diagram) agrees well with
the true model, showing little difference between them (left-
bottom side diagram, with a smaller range of the scale bar).
max-max
Crustal Perturbations
SGLOBE-rani DifferenceG25 Test
G16 Test Difference
Voigt Average Isotropy (VS) Radial Anisotropy (VSH2/VSV2)
G25 Test Difference G16 Test Difference G25 Test Difference G16 Test Difference
50 km
max = 7 %
100 km
150 km
250 km
200 km
max = 7 %
max = 5 %max = 7 %
max = 5 %max = 7 %
max = 5 %max = 5 %
max = 5 %max = 5 %
max = 10 km
Figure 2. Two synthetic resolution tests for (top) the retrieval of crustal thickness perturbations and for (bottom) Voigt average isotropy and
radial anisotropy. SGLOBE-rani is the true input model. G16 test and G25 test represent the resulting models with all group velocity data down
to 16 s and 25 s, respectively. Panels named “Difference” are constructed by subtracting the output test models from SGLOBE-rani.
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Maximum crustal thickness perturbations of over 30 km are
well retrieved, which is very encouraging. Indeed, such large
perturbations are not expected from our real data inversions
because the data are corrected for CRUST2.0. The middle
and right columns of Figure 4 show depth slices of the re-
trieved isotropic and radially anisotropic output perturbation
models, respectively, which should in principle contain no
perturbations. The results show only very small mantle struc-
ture variations (<1%). We observe isotropic low-velocity
anomalies at ∼50 km beneath Africa and the Atlantic Ocean,
but the anomalies (<1%) are very small compared with the
actual amplitudes of the isotropic part of SGLOBE-rani at the
same depth (Fig. 3; note the different ranges of the scale
bars).
Finally, to investigate how unconstrained crustal struc-
ture may leak into mantle structure when using real data, we
compare mantle models obtained with and without crustal
thickness perturbations as model parameters in real data
Voigt Average Isotropy (VS) Radial Anisotropy (VSH2/VSV2)
50 km
100 km
150 km
max–max
max = 7 % max = 7 %
max = 5 %
max = 5 %
max = 7 %
max = 7 %
SGLOBE-rani Difference SGLOBE-rani Difference
Crustal Perturbations
SGLOBE-rani Difference
max = 10 km
200 km
300 km
max = 5 %
max = 3 %
max = 5 %
max = 3 %
Figure 3. SGLOBE-rani and the differences between it and the output model from real data inversions excluding short-period group veloc-
ity data (less than 25 s). The first two columns correspond to the isotropic models and the next two columns are related to the anisotropic models.
Crustal thickness perturbations associated with SGLOBE-rani and the differences between the two models are presented at the bottom.
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inversions. Figure 5 shows the differences between the two
models. The amplitude of the observed differences is com-
parable to the amplitude of anomalies in SGLOBE-rani for
several regions such as Tibet, the Himalayas, Alps, subduc-
tion zones, and North America, notably at 100–150 km depth
for anisotropic structure and at 150 km depth for isotropic
structure. As expected, the retrieved anisotropy images are
more strongly affected by unconstrained crustal structure than
the isotropic images. Differences in anisotropic structure per-
sist down to 400 km depth, with peak amplitude at 100 km
depth. These strong amplitude differences highlight the impor-
tance of including crustal perturbations as model parameters in
the inversions to absorb unconstrained crustal structure and to
reduce spurious features in the retrieved anisotropy, notably at
100–150 km depth.
Crustal Model Comparisons
To further validate our modeling approach, in this sec-
tion we compare our Moho perturbation model with previous
crustal models and Moho depths from refraction surveys and
receiver functions. In Figure 6, we compare our Moho depth
perturbations with three previous crustal models: CRUST1.0
(Laske et al., 2013), CRUST07 (Meier et al., 2007), and
LITHO1.0 (Pasyanos et al., 2014). The four models are pre-
sented as perturbations with respect to CRUST2.0, which is
also shown for reference.
CRUST1.0 is a high-resolution crustal model based on a
compilation of various sources of information such as refrac-
tion survey and receiver function studies. It is an update
of the CRUST2.0 (Bassin et al., 2000) and CRUST5.1
(Mooney et al., 1998) models, built on a 1° × 1° grid by as-
sembling observations from data-rich regions, which are
extrapolated to data-poor regions with similar tectonic char-
acteristics. CRUST07 comprises average crustal shear-wave
velocity and Moho depth on a 2° × 2° grid. It was built by
using a neural network approach to invert T ∼ 35–145 s
fundamental-mode phase velocity data (Trampert and Wood-
house, 2003) and group velocity measurements for Rayleigh
Crust2.0 (True Model) Voigt Average Isotropy (VS) Radial Anisotropy (VSH
2/VSV2)
Output Crust
1 %–1 %
50 km
100 km
150 km
–30 km 30 km
PREM
200 km
250 km
–5 km 5 km
Difference
Figure 4. Synthetic resolution test investigating the leakage of crustal thickness structure into mantle velocity structure. The true input
model consists of crustal thickness from CRUST2.0 and PREM’s mantle velocity and radial anisotropy. The output crustal thickness model
and the difference from CRUST2.0 are presented on the left-middle and left-bottom sides, respectively. In the middle and right columns,
output isotropic and radial anisotropic perturbation depth slices are shown at 50, 100, and 150 km depth, respectively. The maximum and
minimum of the color scale bar is 1%.
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and Love waves in the period range of T ∼ 18–145 s
and T ∼ 25–145 s, respectively (Ritzwoller et al., 2002).
LITHO1.0 is a 1° tessellated model of the crust and upper-
most mantle, which was built by constructing an appropri-
ate starting model and by perturbing it to fit surface-wave
dispersion curves (phase and group velocity with the
25–200 s period range). The starting model is the combi-
nation of CRUST1.0 for the crust and the LLNL-G3D
model (Simmons et al., 2012) for the upper mantle. As
shown in Figure 6, SGLOBE-rani has lower resolution than
other high-resolution models because it was built using
spherical harmonic basis functions up to degree 35. We
recall that our main purpose is not to build a new high-
resolution global crustal model, but rather to constrain Moho
perturbations that help better infer mantle anisotropy in a self-
consistent way. Hence, the comparisons in this section serve as
a consistency check between the various crustal models to
verify the reasonableness of our crustal model and to further
validate our modeling approach. A detailed comparative as-
sessment of the quality of the various crustal models is beyond
the scope of this study.
Figure 6 shows some discrepancies between the four
models as well as some common features. SGLOBE-rani
shows large Moho depth perturbations mainly in oceanic crusts
in the southwestern and western Pacific. Anomalies with small
amplitudes in oceanic crusts are probably not meaningful, and
Voigt Average Isotropy (VS) Radial Anisotropy (VSH2/VSV2)
50 km
100 km
150 km
250 km
400 km
max–max
max = 7 % max = 7 %
max = 5 %
max = 5 %
max = 5 %
max = 3 %
max = 7 %
max = 7 %
max = 5 %
max = 3 %
SGLOBE-rani Difference SGLOBE-rani Difference
600 km
max = 2 %max = 2 %
Figure 5. Depth slices of perturbations from SGLOBE-rani and differences between models from tomographic inversions with and without
crustal perturbations (SGLOBE-rani—the model obtained by inverting only for Voigt average isotropy and radial anisotropy) for Voigt average
isotropy and radial anisotropy, respectively. The range of model amplitude variations is shown at the top of each depth slice.
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are probably related to the spherical harmonics parameteriza-
tion used in the inversions. CRUST1.0 seems to exhibit large
crustal thickness variations mostly in continental crusts and
small perturbations in oceanic crusts. CRUST07 shows large
variations in crustal thickness, with strong lateral changes. It
exhibits very thin oceanic crusts (e.g., ∼4 km thinner oceanic
crust than CRUST2.0 away from subduction zones) and it
shows thicker crust along the subduction zones in the western
Pacific as in SGLOBE-rani. In contrast, LITHO1.0 shows
overall thicker crust than the other models (e.g., ∼5 km
thicker oceanic crust than CRUST2.0). The differences be-
tween CRUST07 and LITHO1.0 are somewhat surprising
given that both models are based on surface-wave dispersion
data. This discrepancy may be due to the different period
range of data used and to different modeling approaches.
To assess these different features in the crustal models, we
need to carry out comparisons with reliable data sets. Thus, we
compare the four models with high-resolution Moho depth
measurements from seismic refraction surveys and receiver
functions for oceanic crust. As explained previously, unlike
CRUST07 and LITHO1.0, CRUST1.0 and CRUST2.0 are
based on large compilations of geophysical information, in-
cluding seismic refraction data and receiver function studies.
However, at present the full list of data sources and references
used in the construction of CRUST1.0 and CRUST2.0 has not
been made publicly available, and thus it is not entirely clear
whether the refraction and receiver function data used in this
study are included in CRUST1.0 or CRUST2.0. Hence, our
various comparisons between crustal models and refraction
data may not be entirely independent.
Continental crustal structure can be very heterogeneous
due to complex orogenic activities, including, for example,
partial melting due to continental collision (e.g., Owens and
Zandt, 1997), making it potentially more difficult to model
using global approaches. Because of the strong trade-off be-
tween crustal thickness and velocity (Lebedev et al., 2013),
in the construction of SGLOBE-rani we only model crustal
thickness and keep the crustal velocity fixed to that of
CRUST2.0. Hence, the retrieved crustal thickness perturba-
tions may be contaminated by uncorrected crustal velocity.
This issue should be less severe for oceanic crustal structure,
which is more homogeneous than continental crust. Thus, we
focus on three areas where large oceanic Moho depth pertur-
bations are observed in SGLOBE-rani: subduction zones in
the southwestern Pacific (Fig. 7), in the western Pacific
(Fig. 8), and in the Caribbean Sea (Fig. 9).
For the southwestern Pacific region, CRUST2.0 and re-
fraction survey data are overall consistent with each other
except for the Ontong Java plateau, where thicker crust is
found by the refraction survey data (Furumoto et al.,
1970; Gladczenko et al., 1997; top left panel in Fig. 7). This
inconsistency suggests that CRUST2.0 does not include the
refraction data we collected for the Ontong Java plateau. In-
terestingly, the other four crustal models show thicker crust
beneath the Ontong Java plateau, which is consistent with
each other and with the refraction survey data. The Ontong
Java plateau is expected to have thicker than average oceanic
crust due to a massive magmatic eruption by a mantle plume
(Tarduno et al., 1991). On the other hand, most of the models
depict thin crust beneath the north Fiji basin, where ridges
are active (orange lines in Fig. 7). Furthermore, in the west
of New Zealand and around the New Hebrides trench, all
four models show thicker crust than CRUST2.0, despite
differences in the detailed structures in each model. Thus,
overall, we observe that SGLOBE-rani is generally consis-
tent with the large-scale features in the other crustal models,
showing similar perturbations from CRUST2.0.
We estimate the root mean square (rms) misfit of Moho
depths in each model with respect to values from the seismic
refraction survey data assembled (59 points in Table 1;
Furumoto et al., 1970; Shor et al., 1971; Gladczenko et al.,
1997), using the following equation:
EQ-TARGET;temp:intralink-;df1;313;193 ms 
Pn
i1Cm − Cr2
n − 1
r
; 1
in which n is the total number of data, Cm and Cr are Moho
depth from the five crustal models and refraction surveys,
respectively. The results for CRUST1.0, CRUST2.0,
CRUST07, LITHO1.0, and SGLOBE-rani are 4.97, 7.48,
6.14, 6.52, and 5.45 km, respectively. SGLOBE-rani shows
quite good agreement with results from refraction surveys
despite its low resolution.
–10 km 10 kmCRUST2.0
SGLOBE-rani CRUST1.0
CRUST2.0
CRUST07
–10 km 10 kmCRUST2.0 –10 km 10 kmCRUST2.0
0 25 50 km
LITHO1.0
–10 km 10 kmCRUST2.0
Fig. 7
Fig. 8 Fig. 9
Figure 6. Crustal thickness perturbations from SGLOBE-rani
(Chang et al., 2015), CRUST1.0 (Laske et al., 2013), CRUST07
(Meier et al., 2007), and LITHO1.0 (Pasyanos et al., 2014) with
respect to CRUST2.0 (Bassin et al., 2000). Crustal thickness dis-
tributions from CRUST2.0 are shown on the top panel. The regions
presented in Figures 7–9 are indicated by red rectangles.
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In Figure 8, we compare the various crustal models for the
western Pacific. We collected seismic refraction survey data
across trenches in Japan (43 points in Table 2) reported by
Iwasaki et al. (1989, 1990), Hetland and Wu (2001), Kodaira
et al. (2002), Takahashi et al. (2004, 2009), and Nakamura
(2014). For this region, the Moho depths from CRUST2.0 and
from refraction data seem to be generally consistent. The
main discrepancies seem to occur near trenches, where thicker
crust is found by the refraction data within short ranges.
Thicker crust than CRUST2.0 along the subduction zones is
also found in the other crustal models except CRUST1.0, but
this feature is probably smeared out to wide areas due to lim-
ited resolution. The misfits of the crustal thickness models
with respect to the refraction survey data (equation 1) are 9.86,
10.01, 9.47, 8.82, and 8.99 km for CRUST1.0, CRUST2.0,
CRUST07, LITHO1.0, and SGLOBE-rani, respectively.
Overall, the Moho depths from SGLOBE-rani fit the results
from refraction data as well or even slightly better than other
models, notably by showing thick crust near the trenches.
Nevertheless, for all models the fit is poorer than for the
southwestern Pacific (Fig. 7). This is probably due to the
coarse grids used in the models’ construction, which do not
capture the dramatic variations in crustal thickness across the
trenches shown by the refraction data.
In Figure 9, we compare the various crustal models for
the Caribbean Sea and the Gulf of Mexico. We collected 42
points (Table 3) of refraction survey and receiver function
data from Ibrahim and Uchupi (1982), Niu et al. (2007),
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Figure 7. Crustal thickness perturbations from SGLOBE-rani, CRUST1.0, CRUST07, and LITHO1.0 with respect to CRUST2.0 for the
southwestern Pacific. Crustal thickness distributions from CRUST2.0 are presented in the left panel. Crustal thickness perturbations from
refraction surveys are superposed on the maps as circles with the same color scale as in the crustal thickness perturbation maps for SGLOBE-
rani, CRUST1.0, CRUST07, and LITHO1.0 and in the map for CRUST2.0. The Ontong Java plateau is enclosed by red solid lines based on
bathymetry of 4000 m. Plate boundaries from Bird (2003) are depicted by colored lines: orange, magenta, and cyan lines represent ridges,
transform faults, and trenches, respectively. KT, Kermadec trench; NFB, north Fiji basin; NHT, New Hebrides trench; OJP, Ontong Java
plateau; ST, Solomon trench; TT, Tonga trench; VT, Vitiaz trench.
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Guedez (2007), Christeson et al. (2008, 2014), Clark et al.
(2008), and Magnani et al. (2009). In the comparison be-
tween CRUST2.0 and the collected Moho data, two main
discrepancies are observed beneath the Gulf of Mexico
and the southern Caribbean deformed belt (SCDB). In the
Gulf of Mexico, the refraction data indicate thinner crust
than CRUST2.0, whereas in the SCDB a rapid variation is
observed from thicker to thinner crust. Interestingly, all the
crustal models except CRUST1.0 show thicker crust than
CRUST2.0 beneath the Gulf of Mexico. This is possibly
because while CRUST1.0 may include the refraction survey
data used in these comparisons, the other models are built
using surface-wave data. The very low crustal velocity due
to a thick sedimentary layer in the Gulf of Mexico may ob-
scure the proper estimation of its Moho’s depth using sur-
face waves. Indeed, an unconstrained low-velocity layer
may cause apparent thicker crust in the models to fit the
surface-wave data. On the other hand, the rapid variation
in Moho’s depth in the SCDB is generally shown in all
the four models, but CRUST1.0 does not match well the
thicker crust in this region. The rms misfit (equation 1)
for CRUST1.0, CRUST2.0, CRUST07, LITHO1.0, and
SGLOBE-rani are 11.45, 11.03, 13.23, 12.84, and 10.81 km,
respectively.
Based on the aforementioned cases, we conclude that, de-
spite their lower resolution, the crustal thickness perturbations
associated with SGLOBE-rani match Moho depths in the re-
gions investigated as well as other recent global crustal mod-
els, and show a better rms misfit than its initial crustal model,
CRUST2.0. These comparisons suggest that SGLOBE-rani
provides reliable information on oceanic crustal thickness,
highlighting the performance of our strategy of joint inver-
sions for crustal thickness andmantle isotropic and anisotropic
structures.
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Figure 8. Crustal thickness perturbations from SGLOBE-rani, CRUST1.0, CRUST07, and LITHO1.0 with respect to CRUST2.0 for the
western Pacific. The crustal thickness distribution from CRUST2.0 is shown at the left panel. Crustal thickness perturbations from refraction
surveys are superimposed on the maps as circles with the same color scale as the crustal thickness perturbation maps for SGLOBE-rani,
CRUST1.0, CRUST07, and LITHO1.0, and depth map for CRUST2.0. Plate boundaries from Bird (2003) are depicted by colored lines:
orange, magenta, and cyan lines represent ridges, transform faults, and trenches, respectively. BT, Bonin trench; JT, Japan trench; KT, Kuril
trench; MT, Mariana trench; NT, Nankai trough; RT, Ryukyu trench.
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Discussion and Conclusions
In this study, we conducted a series of real data and syn-
thetic resolution tests to understand the importance of simul-
taneously inverting for crustal thickness perturbations and
for mantle isotropic and radially anisotropic structure in
global tomography. Because unaccounted crustal structure
influences the mapping of radial anisotropy in the Earth’s
mantle significantly (Ferreira et al., 2010; Xing and Beghein,
2015), we included crustal thickness perturbations as model
parameters in global tomographic inversions to better ac-
count for crustal effects (Chang et al., 2014, 2015).
First, our tests showed that short-period group velocity
data are essential to constrain crustal structure, and that
group velocity data with wave periods down to at least
T ∼ 20 s are necessary to properly image thin oceanic crust.
Second, we demonstrated that uncorrected crustal structure
has a strong influence on retrieved mantle radial anisotropy
structure, notably at 100–150 km depth. Therefore, adding
crustal thickness perturbations as model parameters to the
tomographic inversions reduces the distortion of the retrieved
radial anisotropy by uncorrected crustal structure, whose ef-
fects can persist down to the mantle transition zone. There
have been several attempts to adopt group velocity data in
global tomography studies (e.g., Shapiro and Ritzwoller,
2002; Lekić and Romanowicz, 2011; French et al., 2013;
French and Romanowicz, 2014). However, most previous
studies used group velocity data down to T ∼ 25 s to
constrain crustal structure, which potentially limits the ro-
bustness of the retrieved mantle anisotropy structure. To
understand why it is necessary to use data with wave periods
shorter than 25 s, it is useful to examine the sensitivity
kernels of Rayleigh- and Love-wave group velocity data
(Fig. 10), which are quite distinct, especially for crustal
depths (<25 km). While group velocity measurements of
Love waves are strongly sensitive to the crust, T ∼ 25 s
Rayleigh waves have little sensitivity to structure at crustal
depths. On the other hand, shorter-period Rayleigh waves
(less than 25 s) show stronger sensitivity to the crust.
Unresolved crustal anisotropy due to the big differences
in sensitivities of T ∼ 25 s Rayleigh and Love waves
may be responsible for the distortion of the retrieved mantle
anisotropy. Because Rayleigh waves dominate the group
velocity data set used in our inversions, it becomes clear
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Figure 9. Crustal thickness perturbations from SGLOBE-rani, CRUST1.0, CRUST07, and LITHO1.0 with respect to CRUST2.0 for the
Caribbean Sea and the Gulf of Mexico. The crustal thickness distribution from CRUST2.0 is shown at the left panel. Crustal thickness
perturbations from refraction surveys are superposed on the maps as circles with the same color scale as the crustal thickness perturbation
maps for SGLOBE-rani, CRUST1.0, CRUST07, and LITHO1.0, and depth map for CRUST2.0. Plate boundaries from Bird (2003) are
depicted by colored lines: orange, magenta, and cyan lines represent ridges, transform faults, and trenches, respectively. ASZ, Antilles
subduction zone; GM, the Gulf of Mexico; SCDB, southern Caribbean deformed belt.
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that T ≤ 20 s group velocity data are needed to properly
constrain crustal thickness and hence to reduce the contami-
nation of unresolved crustal features into the retrieved man-
tle anisotropy.
Recently, Xing and Beghein (2015) assessed the impor-
tance of crustal corrections in radially anisotropic tomogra-
phy using a Bayesian approach, whereby they compare
model uncertainty with the influence of various crustal cor-
rections. They show that retrieved radial anisotropy is more
sensitive to crustal corrections than isotropic structure, espe-
cially for 100–150 km depth, which is consistent with this
and previous studies (e.g., Ferreira et al., 2010). They find
that crustal effects are larger than model uncertainty beneath
continental crust such as Tibet, North America, and South
Table 2
Moho Measurements for the Western Pacific
Longitude (°) Latitude (°)
Moho Depth
(km) Reference
144.3704 42.0556 13.17 Iwasaki et al. (1989)
144.9552 41.6571 13.17
145.5327 41.2557 14.27
146.1032 40.8514 16.83
146.6667 40.4444 22.32
130.2308 30.2889 25.60 Iwasaki et al. (1990)
130.6838 29.9746 35.20
131.1339 29.6588 24.00
131.5812 29.3415 13.60
132.0257 29.0227 12.80
120.8724 24.2581 56.88 Hetland and Wu (2001)
121.4051 24.1963 55.13
121.9373 24.1327 30.63
122.4690 24.0673 30.10
123.0000 24.0000 30.63
134.2069 33.6429 25.93 Kodaira et al. (2002)
134.4386 33.2328 22.22
134.6680 32.8222 15.74
134.8954 32.4113 12.96
135.1207 32.0000 12.50
141.6212 39.3929 30.75 Takahashi et al. (2004)
142.1909 39.3345 23.25
142.7596 39.2734 20.63
143.0437 39.2418 26.25
143.3273 39.2095 21.75
143.8940 39.1429 15.75
142.4394 38.7500 34.50
142.5030 39.0328 34.13
142.5672 39.3156 33.75
142.6318 39.5983 34.50
142.6970 38.8801 34.50
142.8636 38.6786 25.13
142.9310 38.9643 25.13
142.9989 39.2500 24.75
143.0673 39.5356 24.75
143.1363 39.8212 25.13
137.5000 26.9800 9.80 Takahashi et al. (2009)
138.8646 27.1096 11.02
140.2321 27.2259 14.08
141.6024 27.3289 16.53
142.2884 27.3754 26.94
142.9750 27.4186 15.92
124.0000 24.0000 42.67 Nakamura (2014)
Table 1
Moho Measurements for the Southwestern Pacific
Longitude (°) Latitude (°)
Moho Depth
(km) Reference
159.4167 −6.8667 26.7 Furumoto et al.
(1970)160.1667 −7.5333 25.0
161.7333 −7.8083 29.9
161.3667 −8.0000 25.5
168.2500 −22.4833 13.9 Shor et al. (1971)
167.3333 −21.8667 20.2
171.3167 −21.6500 9.2
172.2500 −21.6833 8.0
171.8000 −23.5333 15.2
170.8333 −23.9000 11.8
167.4333 −24.3000 21.1
167.2500 −23.1500 21.6
165.6333 −23.5167 12.9
164.9500 −23.0000 14.3
155.8667 −27.1000 11.1
156.1000 −27.7833 9.7
158.9000 −27.6667 17.5
159.2500 −28.4000 10.9
161.5333 −28.2500 18.0
163.1833 −28.4167 29.0
166.0833 −27.8833 16.9
166.1667 −26.9333 10.4
168.1833 −26.9667 11.6
169.0000 −27.6167 15.4
176.0000 −29.5000 10.0
176.7667 −29.9167 12.6
179.3333 −31.5000 20.0
179.3333 −32.5667 14.0
179.7500 −32.5500 13.0
179.9333 −31.9500 8.7
−179.550 −33.0667 19.1
−179.8833 −34.200 16.2
−178.0833 −34.0833 14.1
−178.350 −34.7000 10.4
174.9333 −13.6000 8.1
177.5667 −18.9833 15.2
178.5500 −21.9167 14.7
−174.900 −19.6167 11.9
−172.550 −19.9500 12.3
−173.3333 −20.5000 20.4
−173.1167 −20.0333 20.1
157.3167 −2.4667 31.25 Gladczenko et al.
(1997)156.8000 −1.6833 31.88
155.6135 −0.2787 31.25
155.0417 −0.1000 30.63
154.4273 1.1260 28.75
153.2399 2.5302 20.63
152.0500 3.9333 18.13
154.1333 −2.9333 25.0
154.9500 −2.4333 28.75
156.2023 −1.2170 31.25
157.4534 −0.0001 32.50
157.5000 0.1667 31.25
158.7046 1.2167 28.75
159.9569 2.4330 26.25
161.2115 3.6482 23.75
162.4694 4.8616 20.00
163.7319 6.0726 14.38
165.0000 7.2807 13.75
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America, which are also regions identified in our study as
having strong crustal effects. However, their study probably
comprises conservative bounds of crustal effects, because
they only use fundamental and higher-mode phase velocity
data down to a wave period of 35 s. As shown before, this
period range seems inadequate to resolve crustal structure.
Therefore, there are likely wider areas of significant crustal
effects beyond model uncertainty when shorter-period phase/
group velocity data are used such as along the subduction
zones in the western Pacific. Because it is quite challenging
to fully quantify model uncertainty, we do not know whether
our estimated Moho perturbations are beyond model uncer-
tainty. Nevertheless, we studied the effect of regularization
on the retrieved Moho perturbations (Fig. 11). The various
models considered with different levels of regularization
show very similar features of thick crusts along subduction
zones, which is the most peculiar feature in the Moho per-
turbations associated with SGLOBE-rani. This suggests that
the retrieved thick crust along subduction zones is a robust
feature beyond errors associated with regularization.
To further verify our approach and the crustal thickness
perturbations from CRUST2.0 associated with SGLOBE-
rani, we then compared the corresponding Moho depths with
other global crustal models (CRUST1.0, CRUST07, and
LITHO1.0) and with results from seismic refraction survey
data and receiver function data obtained across trenches in
the southwestern and western Pacific and the Caribbean
Sea. Despite having lower resolution, SGLOBE-rani shows
good consistency with the previous crustal models and with
results from refraction survey data and receiver function data.
This suggests that SGLOBE-rani properly resolves Moho
depths (notably in oceanic regions along subduction zones),
and thus reduces the contamination of unresolved crustal fea-
tures into the retrieved mantle anisotropy. The crustal thick-
ness results may depend on the choice of the initial model,
because we linearize the problem after applying nonlinear
crustal corrections to the data based on the initial model.
Therefore, to avoid biases in the results, it is important to
choose a proper initial crustal model providing a good initial
description of crustal properties.
Table 3
Moho Measurements for the Caribbean Sea
and the Gulf of Mexico
Longitude (°) Latitude (°)
Moho Depth
(km) Reference
−95.0700 20.0000 21.18 Ibrahim and Uchupi
(1982)−94.9300 21.1100 20.00
−94.7800 22.1500 17.25
−94.5700 24.3000 19.61
−94.4900 25.0400 19.22
−94.4200 25.5300 19.22
−63.1320 11.3552 23.2 Niu et al. (2007)
−63.9925 10.7858 27.3
−64.5977 11.8216 24.0
−69.9705 11.9550 26.4
−70.9023 12.3585 16.2
−65.4180 11.8499 19.2
−63.7699 11.7515 18.5
−66.4910 13.9497 16.8
−65.2200 10.6796 18.0
−66.5009 11.2493 15.1
−67.3496 11.2707 16.2
−64.9313 12.7209 14.0
−69.9400 14.3300 20.05 Guedez (2007)
−69.8568 13.6425 23.97
−69.7741 12.9551 29.84
−69.6918 12.2675 34.73
−69.6100 11.5800 29.84
−59.8500 10.3300 29.81 Christeson et al.
(2008)−62.0600 11.7600 23.33
−62.9918 12.3238 19.44
−63.8200 12.8800 27.87
−63.6900 10.7200 33.16 Clark et al. (2008)
−63.8439 11.3601 31.63
−63.9985 12.0002 23.98
−64.1539 12.6401 19.90
−64.3100 13.2800 19.90
−67.7300 14.0600 11.58 Magnani et al. (2009)
−67.6441 13.1900 15.26
−67.5589 12.3201 25.26
−67.4742 11.4501 25.26
−67.3900 10.5800 44.74
−84.0000 29.0000 32.73 Christeson et al.
(2014)−84.8817 28.2006 30.91
−85.7502 27.3956 23.64
−86.6061 26.5853 16.36
−87.4500 25.7700 15.45
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Figure 10. Sensitivity kernels of group velocity with respect to
isotropy and anisotropy for PREM. (a) Sensitivity kernels of Ray-
leigh wave. (b) Sensitivity kernels of Love wave.
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Data and Resources
Seismograms used in this study were collected from the
Incorporated Research Institutions for Seismology (IRIS)
Data Management Center. All figures were created using
the Generic Mapping Tools v.4.5.11 (www.soest.hawaii.edu/
gmt, last accessed August 2015; Wessel and Smith, 1998).
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